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A PDGF-Regulated Immediate Early Gene Response
Initiates Neuronal Differentiation
in Ventricular Zone Progenitor Cells
Brenda P. Williams,1,4 John K. Park,3 John A. Alberta,1 areas of the central nervous system to observe the neu-
ropoietic process has been the cerebral cortex. Histo-Stephan G. Muhlebach,1 Grace Y. Hwang,1
genesis in thecortex has three phases. The first phase ofThomas M. Roberts,2 and Charles D. Stiles1
cortical development is neurogenesis. Neurons undergo1Department of Microbiology and Molecular Genetics
their final mitosis in the cortical ventricular zone and2Department of Pathology
then migrate toward the pial surface to form the corticalHarvard Medical School
plate. This migration follows the processes of special-and the Dana Farber Cancer Institute
ized cells, called radial glial cells, that span the thickness3Department of Neurosurgery
of the developing cortex. In the second phase of corticalHarvard Medical School
development, a second proliferative zone, the subven-and Children's Hospital
tricular zone, arises superficial to the ventricular surfaceBoston, Massachusetts 02115
(Smart and Sturrock, 1979; Raedler et al., 1980; Rakic,
1988). These subventricular cells generate oligodendro-
cytes and astrocytes (Wood and Bunge, 1984) and, un-Summary
der certain circumstances, neurons (Reynolds and
Weiss, 1992). In the third phase of development, theWhen exposed to platelet-derived growth factor (PDGF),
cortex becomes divided into different areas that serveuncommitted neuroepithelial cells from thedeveloping
specific functions, for example, the motor, somatosen-cortex of embryonic day 14 (E14) rats develop into
sory, and visual cortex. There is also some evidence thatneurons. Outward signs of the neuronal phenotype are
these areas are further divided into radial units callednot observed for 4 days following exposure to PDGF.
columns (Mountcastle, 1978).However, only a brief (2±3 hr) period of PDGF receptor
Lineage analysis of cortical development has shownactivation is required to initiate neuronal development.
that within the cortical ventricular zone, undifferentiated,During the window of receptor activation, RNA synthe-
nestin-positive cells display the characteristics of pluri-sis is essential, but protein synthesis is not. These
potential stem cells. These nestin-positive cells (referredobservations indicate that specification of neuronal
to by some as ªneuroepithelial cellsº) can self-renew andfate is mediated by an immediate early gene response.
generate all three neural cell types (neurons, astrocytes,
and oligodendrocytes) (Davis and Temple, 1994; Wil-
Introduction liams and Price, 1995; Reid et al., 1995). Evidence also
exists for the presence of unipotent progenitor cells that
A major question in developmental biology is how the generate a single cell type and bipotential progenitor
multitude of cell types in the adult nervous system are cells that generate a restricted subset of cell types (Price
generated from germinal cells of the ventricular zone. and Thurlow, 1988; Williams et al., 1991; Walsh and
Analogies have been drawn between the development Cepko, 1992; Grove et al., 1993; Luskin et al., 1993;
of blood (hematopoiesis) and development of the ner- McConnell, 1995; Williams and Price, 1995). Drawing
vous system (neuropoiesis). In both tissues, a variety of analogies with the hematopoietic system, one would
terminally differentiated cells are thought to originate suppose that the more restricted progenitor cells are
from a smaller subset of undifferentiated, pluripotential generated from the pluripotential neuroepithelial cells.
stem cells. These stem cells can self-renew but can also In fact, evidence to support this theory has recently
produce progeny cells with a more restricted develop- been provided (Reid et al., 1995). Reid et al. (1995) report
mental potential. The route from stem cell to develop- the existence of an asymmetrically dividing cortical ven-
mentally restricted progenitor cell appears to be con- tricular zone cell that can self-renew and generate differ-
trolled in both cases by external cues. Neuropoietic ent restricted progenitor cells.
theory has been especially constructive in the analysis What are the extracellular cues that might regulate
of peripheral nervous system development. Here, exter- alternative fates of ventricular zone progenitor cells?
nal cues (growth factors) have been identified that regu- Recent observations indicate that bone morphogenic
late the production of neurons, glia, or smooth muscle proteins, fibroblast growth factor 2, and cilliary neuro-
from pluripotential stem cells of neural crest origin (An- trophic factor promote astroglial lineage commitment
derson, 1989; Shah et al., 1994, 1996). These growth while tri-iodothyronine specifies oligodendrocyte devel-
factors have been shown to act upon these stem cells opment (Gross et al., 1996; Johe et al., 1996; Qian et
in an instructive manner (Shah et al., 1996) rather than al., 1997). These observations showthat ventricular zone
a selective manner as is the case inhematopoeisis (Suda progenitor cells are uncommitted and that alternate
et al., 1984; Ogawa, 1993; Fairbairn et al., 1993; Davis fates are specified by exposure to extracellular cues. In
and Littman, 1994). studies described here, we identify an extracellular cue
In central nervous system development, the neuro- that specifies a neuronal fate for ventricular zone pro-
poietic paradigm is less well formed. One of the favored genitor cells (referred to hereafter as NE cells) in the
cortex of embryonic day 14 (E14) rats. This cue is plate-
let-derived growth factor (PDGF). Although the neuronal4 Present address: Department of Molecular Pathology, University
phenotype isnot displayed for severaldays, the programCollege London Medical School, The Windeyer Building, 46 Cleve-
land Street, London W1P 6DB, United Kingdom. for neuronal development is initiated within the first 3
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(Bowen-Pope et al., 1991; Heldin et al., 1993). The devel-
opmental fate of individual cells was followed by in-
fecting them, on the day of plating, with the BAG retrovi-
ral vector that encodes the enzyme b gal (Price et al.,
1987). Eight days following PDGF treatment, the compo-
sition of b gal±positive clones (representing the progeny
of single infected cells) was analyzed by immunofluores-
cence using cell-type-specific antibodies (Williams and
Price, 1995). We define a clone as neuronal when all of
its cells label with TuJ1 or another neuronal-specific
marker such as MAP2 or neurofilament. We define an
NE clone as one in which all of the cells label withFigure 1. Identification of Activated PDGF-b Receptor in Neural
Tissue antibodies to nestin but not with any cell-type-specific
marker. The vast majority of Lac Z±labeled clones ob-PDGF receptors were immunoprecipitated from E14 cortical tissue
lysate (cortex) or from Balb±C 3T3 cell lysate (cells) using a poly- served in these experiments are either NE or neuronal.
clonal anti-PDGF b receptor±peptide antibody. Parallel immunopre- The number of glial clones observed is small (,1%) and
cipitates were prepared either in the presence of excess immunizing unaffected by PDGF treatment. Accordingly, we have
b-receptor peptide or an irrelevant peptide as indicated. By immu-
not included them in the data shown.noblotting with a phosphotyrosine-directed PDGFreceptor antibody
The clonal analysis data (Figure 2A) show that PDGF(anti-pY751), only activated PDGF receptors are visualized. *Indi-
treatment increases the percentage of clones that reactcates the position of activated PDGF receptors; na, no additions.
with the neuronal-specific marker TuJ1 (P , 0.0029).
Even brief (30 min) periods of PDGF treatment cause a
significant increase in the percentage of neuronalhr of PDGF receptor activation, and it involves an imme-
clones, and the response isbasically saturated followingdiate early gene response.
a 3 hr exposure (Figure 2A). The increase in neuronal
clones comes at the expense of NE clones. The total
number of clones in the cultures is unaffected by PDGFResults
treatment. However, we noticed that the average num-
ber of cells within the neuronal clones was somewhatActivated PDGF Receptors in E14 Rat Cortex
greater in PDGF-treated cultures relative to control cul-To search for cues that might specify neuronal develop-
tures (seven versus two; see Discussion).ment in the cortex, we used phosphotyrosine-directed
The BAG retroviral vector that encodes the enzymeantibodies to monitor the activation state of neuregulin,
b gal allows us to monitor the fate of individual cells.neurotrophin, and PDGF receptors in developing rat
However, this virus can only infect dividing cells, andbrain (Bangalore et al., 1992; Epstein et al., 1992; Segal
thus it does not necessarily sample the population atet al., 1996). As immunochemical probes, phosphotyro-
random. For this reason, we also monitored the effectsine-directed antibodies, targeted to specific SH2 or
of PDGF on the total cell population. A similar responsePTB recognition motifs, are more selective than conven-
to PDGF is noted when total cells in the culture aretional reagents. Moreover, they afford functional insights
scored rather than b gal±positive clones (P , 0.0001;into the signaling activities of receptor tyrosine kinases
Figure 2B). Accordingly, cells that are monitored byin vivo. As shown (Figure 1), one of the antibodies that
clonal analysis (Figure 2A) represent the total cell popu-we used, targeted to activated PDGF receptors, detects
lation.a signal in tissue lysates from the developing cortex of
How soon after exposure to PDGF can outward signsE14 rats (Figure 1). The signal reported by this antibody
of neuronal induction be observed? To answer this(anti-pY751) indicates that PDGF receptors are phos-
question, it is necessary to score total cells rather thanphorylated at PI3 kinase recognition motifs in devel-
b gal±positive clones because b gal is not detectableoping cortex. The PI3 kinase site is necessary and suffi-
for the first 2 days following viral infection. As shown,cient for the mitogenic response to PDGF, and it is
outward signs of the developmental response to PDGFrequired for chemotactic responses (Valius and Kaz-
(as monitored by TuJ1 staining) are not observed untillauskas, 1993; Kundra et al., 1994).
4 days following PDGF treatment (Figure 2C). In the
absence of PDGF treatment, a significant fraction of
Short Exposures to PDGF Specify a Neuronal Fate cells nevertheless acquire a neuronal phenotype. This
for Cortical NE Cells neuronal background may reflect the presence of pre-
To explore the function of PDGF receptor activation, we cursor cells that are already committed to a neuronal
isolated cells from the cortex of E14 rats and deprived fate at the time of plating (see Discussion and Fig-
the cells of PDGF by culturing them in defined medium ure 8).
on glass coverslips (Williams and Price, 1995). After 24 Our interpretation of the results shown in Figure 2
hr in culture, we exposed the cells to PDGF or to a depends critically on the identification of neurons. Ex-
solvent control. The anti-pY751 antibody used in Figure amples of the primary data are shown in Figure 3. As
1 cannot discriminate between three potential isoforms can be seen, theneuronal markers MAP2, neurofilament,
of the PDGF receptor (aa, ab, and bb). Accordingly, and SNAP25 react with the same cells as are targeted
we used the BB isoform of PDGF in these experiments by the TuJ1 antibody. Moreover, cells that react with
TuJ1 do not react with the oligodendrocyte marker O4.because it activates all three PDGF receptor isoforms
Specification of Neuronal Fate by PDGF
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Figure 2. Short Exposures to PDGF BB Specify a Neuronal Fate for Cortical NE Cells
(A) Clonal analysis: E14 cultures were infected with the BAG retrovirus and then treated with PDGF BB (30 ng/ml) or solvent control for the
indicated times. Following 8 days of incubation in PDGF-free medium, the composition of b gal±positive clones was analyzed. Neuronal clones
are defined as clones in which all lac Z±positive cells are also positive for TuJ1. NE clones are defined as clones in which all lac Z±positive
cells are also positive for nestin and negative for all other markers. Results shown are mean 6SEM of four separate experiments (P , 0.0029).
(B) Total cell analysis: same as (A) except that cells were not infected with the BAG retrovirus, and total cells were scored. Results shown
are the mean 6SEM of four separate experiments (P , 0.0001).
(C) Time course of PDGF-mediated neuronal development: E14 cortical cultures were exposed to PDGF BB (30 ng/ml) for 6 hr, washed, and
then incubated in PDGF-free medium. At timed intervals, cultures were fixed and scored as (B). Results shown are the mean 6SEM of three
separate experiments.
Since the four different neuronal markers appear to iden- to stimulate neuronal development in the usual manner
(data not shown). Comparable experiments were con-tify the same cells, we routinely used TuJ1 to identify
neurons. ducted with the reversible inhibitor of protein synthesis,
cycloheximide. As shown (Figure 4B), cycloheximide
does not inhibit the developmental response to PDGF.Developmental Response to PDGF Requires
De Novo RNA Synthesis In fact, 3 hr of exposure to cycloheximide alone triggers
neuronal development nearly as well as a 30 min pulseThe striking feature of the experiments shown in Figure
2 is that brief exposures to PDGF trigger a long-term of PDGF.
developmental response. Can we be sure that PDGF is
effectively removed from cortical cultures at the indi- PDGF Acts Directly on NE Cells to Convert
Them into Neuronscated times? We addressed this issue in two different
ways. First, we used the phosphotyrosine-directed anti- In all experiments shown here, the majority (z80 per-
cent) of the cells in culture are undifferentiated NE cellsbody to monitor the activation state of PDGF receptors
at various times after PDGF washout. As shown by im- at the time of PDGF addition. Does PDGF act directly
to convert NE cells into neurons? Alternatively, doesmunoblot assay (Figure 4A), deactivation of PDGF re-
ceptors does not occur instantaneously upon removal PDGF receptor activation cause some cells in these
cultures to secrete a product that acts in trans upon NEof the ligand. However, within 3 hr following PDGF wash-
out, the apparent level of receptor activation returns to cells, causing them to generate neurons? These ques-
tions were addressed by observing the colocalizationbaseline.
Studies with viral oncoproteins show that large biolog- of PDGF receptors and cell-type-specific antibodies. At
the time of PDGF treatment (day 1), essentially all of theical responses can result from vanishingly low amounts
of an activated tyrosine kinase (Jakobovits et al., 1984). cells express both nestin and b PDGF receptor subunits
(Figure 5A). Eight days following PDGF treatment, es-Could a few molecules of persistently activated PDGF
receptor per cell mediate the long-term developmental sentially 100% of the TuJ1-positive neurons express b
PDGF receptor subunits (Figure 5B). Furthermore, clonalresponse? The experiment summarized in Figure 4B
precludes this mechanism by showing that receptor ac- analysis shows that 70%±80% of the NE cells convert
to neurons following PDGF treatment (Figure 2A). Thetivation can be uncoupled from the developmental re-
sponse. Cultures were given a 30 min pulse of PDGF in simplest interpretation of these data is that PDGF acts
directly on the NE cells.the presence of a reversible inhibitor of RNA synthesis,
DRB. Since a 30 min pulse of PDGF results in 2±3 hr of
receptor activation (see Figure 4A), the DRB was left in The AA Isoform of PDGF Also Triggers
Neuronal Developmentthe culture medium for another 2.5 hr following PDGF
washout. As shown (Figure 4B), the developmental re- Three different isoforms of PDGF receptor (aa, ab, and
bb) can be assembled from subunits encoded by the asponse to PDGF is inhibited if cells are not allowed to
synthesize RNA during the window of receptor activa- and b receptor genes (Bowen-Pope et al., 1991; Heldin,
et al., 1993). As shown in Figure 6, rat NE cells expresstion. Immunoblot studies showed that DRB has no effect
on PDGF receptor activation (Figure 4C); nor does DRB a PDGF receptor subunits as well as b receptor subunits
and thus presumably form all three isoforms of PDGFact as an irreversible poison of neuronal development
since removal of DRB from these cultures allows PDGF receptor. The a receptor subunits present a potential
Neuron
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Figure 3. Identification of Neurons
The figures shown here are examples of the primary data compiled in Figure 2. Upper two rows: example of cultures used in clonal analysis.
Cortical cultures were infected with the BAG retrovirus and then exposed to PDGF BB (30 ng/ml) for 24 hr. After 7 days, the cultures were
fixed and double stained with antibodies to Lac Z and the neuronal markers TuJ1 or MAP2 as indicated in the black and white images. False
color (green for Lac Z and red for TuJ1 or MAP2) is used to show colocalization of the Lac Z and neuronal marker proteins in Lac Z±TuJ1
and Lac Z±MAP2 overlays. Lower three rows: examples of cultures used for total cell counts. Cortical cultures were exposed to PDGF and
processed for immunohistochemical analysis as described above. Cultures were stained with the neuronal marker TuJ1 (rhodamine) and with
neuronal markers (SNAP25, neurofilament) or the oligodendrocyte marker O4 (all fluorescein) as indicated. As shown in the color overlays, all
TuJ1-positive cells were positive also for SNAP25 and neurofilament (NF) but not for O4. Scale bars 5 z25 uM.
target for the AA isoform of PDGF (Bowen-Pope et al., AA only activates aa receptor homodimers (Bowen-
Pope et al., 1991; Heldin et al., 1993).1991; Heldin et al., 1993). As shown in Figure 7, PDGF AA
promotes neurogenesis. The only substantive difference
between the AA and BB isoforms of PDGF is that some- E14 Cortical Cultures Do Not Produce PDGF
Although PDGF clearly enhances neuronal develop-what longer treatment times are required to saturate the
developmental response to PDGF AA. This probably ment, a significant number of neurons appear in cortical
cultures that have not been exposed to exogenousreflects the fact that PDGF BB activates all three iso-
forms of PDGF receptor (aa, ab, and bb), whereas PDGF PDGF. Do these cultures synthesize any endogenous
Specification of Neuronal Fate by PDGF
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Figure 5. PDGF Acts Directly on NE Cells to Convert Them into
Neurons
(A) Control E14 cultures were fixed in 4% paraformaldehyde, then
immunostained with antibodies to nestin or the PDGF-b receptor
24 hr after plating. Corresponding phase contrast view of the immu-
nostained field is shown to the right.
(B) PDGF-treated E14 cultures (30 ng/ml for 24 hr) were incubated
for 8 days in PDGF-free medium, then fixed and stained with TuJ1
or anti-PDGF-b receptor. Corresponding phase contrast view of the
immunostained field is shown to the right. Scale bar 5 25 uM.
Figure 4. Developmental Response to PDGF Requires De Novo
RNA Synthesis PDGF? We harvested serum-free medium that had been
ªconditionedº for 24 hr by cortical cell cultures. The(A) Deactivation of receptors following removalof PDGF. E14 cortical
cultures were treated for 30 min with 30 ng/ml of PDGF BB and PDGF content of this conditioned medium was assayed
then washed three times and incubated in PDGF-free medium. At by using the anti-pY751 antibody to monitor activation
the indicated times, the activation state of PDGF receptors was
of PDGF receptors in quiescent Balb±C 3T3 cell mono-assessed by immunoblot analysis with the anti pY751 antibody.
layers. As shown (Figure 8), the conditioned mediumArrows indicate the position of molecular weight markers.
does not activate PDGF receptors in an assay that can(B) PDGF-mediated neuronal development requires de novo RNA
synthesis during the window of PDGF receptor activation. E14 corti- detect as little as 0.5 ng/ml of PDGF. One might imagine
cal cultures were stimulated for 30 min with PDGF BB (30 ng/ml) in that nestin-positive cells in these cultures produce
the presence or absence of DRB (5,6-dichloro-b-D-ribofuranosyl- PDGF but do not secrete it into the medium. In this
benzimidazole) (15 mg/ml) or cycloheximide (10 mg/ml). Control cul-
scenario, the spontaneous appearance of neurons intures were treated with DRB alone, cycloheximide alone, or a solvent
control cultures would reflect the activation of PDGFcontrol. After 30 min, the PDGF was removed. The metabolic inhibi-
tors (DRB or cycloheximide) were left in the culture medium for receptors activated from within the cells by an auto-
another 2.5 hr following PDGF washout since a 30 min pulse of crine-loop mechanism. However, as shown already (Fig-
PDGF results in 3 hr of receptor activation (A). After 3 hr, all drugs ure 4A), the anti-pY751 antibody does not detect acti-
were removed, and cells were transferred to PDGF-free medium.
vated PDGF receptors in cortical cell cultures that haveAfter 8 days in culture, the percentage of TuJ1-positive neurons
not been exposed to exogenous PDGF. The anti-pY751was determined. Results shown are mean 6SEM of three separate
experiments. antibody can detect as few as 1000 molecules per cell
(C) PDGF receptor activation in the presence of DRB. Balb±C 3T3 of activated PDGF receptor in 3T3 cell cultures (data
cells were exposed to PDGF BB (30 ng/ml) for 30 min in the presence not shown). We conclude that there is little, if any, en-
or absence of DRB (15 mg/ml). The activation state of PDGF recep-
dogenous PDGF in cortical cell cultures and that thetors was then assessed as in (A).
appearance of neurons in control cultures must reflect
some other process (see Discussion).
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Figure 6. Rat NE Cells Express PDGF a and b Receptor Subunits
Top lane: E14 NE cultures were fixed and stained with polyclonal antipeptide antibodies targeted to the PDGF a or b receptor subunits. Cross
competition with the cognate a or b receptor peptides shows that the antibody targeted to a receptor subunits does not cross-react with b
subunits and vice versa.
Bottom lane: corresponding phase contrast views of the immunostained fields above. Scale bar 5 25 uM.
Discussion medium unmasks a default program of neuronal devel-
opment in our cortical cell cultures by eliminating all
other extracellular cues. In this scenario, a neurogenicPDGF has been shown previously to regulate the divi-
sion and survival of oligodendrocytes and their precur- action of PDGF would be achieved by promoting the
growth and/or survival of neuroblasts. Two elements ofsor cells in optic nerve (Barres and Raff, 1994). The
studies described here, together with recent work from our data are consistent with this view. First, we observe
a significant amount of neuronal differentiation even inMcKay and his colleagues (Johe et al., 1996), indicate
that PDGF mayhave an even broader role in thedevelop- the absence of exogenous PDGF. Second, lac Z±labeled
neuronal clones in PDGF-treated cultures are somewhatment of the nervous system by regulating the formation
of neurons in the brain. We show that PDGF acts directly larger than their counterparts in untreated cultures. The
average size of the neuronal clones in the control cul-on cortical NE cells and that a surprisingly brief period of
PDGF receptor activation will suffice to trigger neuronal tures is 2 (range 1±6) in these experiments. The average
size of the clones in the PDGF-treated cultures is 7 withdevelopment. During the window of PDGF receptor acti-
vation, the cortical NE cells must be allowed to synthe- a much larger size range (1±54). Thus, PDGF may have
some mitogenic±survival functions on neural progeni-size new mRNA.
How does PDGF function to promote the formation tors. Having acknowledged these points, our clonal
analysis data argue that neuronal development is not aof neurons? In certain contexts, neuronal differentiation
appears as a ªdefault pathwayº taken by multipotential default pathway and that the primary action of PDGF is
not at the level of cell division or survival. In the absenceprogenitor cells in the absence of any other instruction
(Qian et al., 1997). One might imagine that serum-free of PDGF, the majority of these cortical NE cells survive
Figure 7. Short Exposures to the AA Isoform of PDGF Also Specify a Neuronal Fate for Cortical NE Cells
(A) Clonal analysis: results shown are the mean 6SEM of four separate experiments (P , 0.0029).
(B) Same as (A) except that total cells were scored. Results shown are the mean 6SEM of four separate experiments (P , 0.0001).
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phenotype. The ability of NE cells to respond to PDGF
AA or BB lends an element of redundancy to this critical
phase of central nervous system development, which
may explain why targeted disruptions of the genes en-
coding the PDGF ligands or PDGF receptors have not,
thus far, shown any neuronal defects. Presumably, both
ligand genes or both receptor genes would have to be
disrupted to cause defects in neuronal development.
Disruptions of both ligand genes or both receptor genes
might, however, induce embryonic death prior to forma-
tion of the central nervous system.
How can transient exposures to PDGF initiate a long-
term developmental program? In preliminary studies,
we have observed that the immediate early gene c-myc
is induced within a few hours following activation of
PDGF receptors (data not shown). The results of the
DRB±cycloheximide experiments are consistent with
the view that the developmental program reflects an
immediate early gene response. Transcription of imme-
diate early genes is induced in a variety of tissues in
response to a wide range of extracellular cues. These
include mitogen-treated lymphocytes, cytokine-treated
Figure 8. E14 Cortical Cultures Do Not Produce PDGF hematopoietic cells, and regenerating rat liver. Induction
Serum-free medium conditioned for 24 hr by E14 cortical cells was of immediate early genes is not prevented by cyclohexi-
assayed for its PDGF content by its ability to activate PDGF recep- mide. Indeed, drugs that inhibit protein synthesis typi-
tors on quiescent, density-arrested monolayers of Balb±C 3T3 cells. cally stimulate immediate early gene expression by
In parallel, identically conditioned medium supplemented with
themselves and can synergize with extracellular cuesknown quantitities of recombinant PDGF at concentrations ranging
to give a superinduction response (Cochran et al., 1983;from 0.25±20 ng/ml was also assayed. Activated PDGF receptors
Greenberg and Ziff, 1984; Kruijer et al., 1984; Muller etwere visualized (photo inset) and quantitated (bar graph) by immu-
noblot analysis with the anti-pY751 antibody. al., 1984). PDGF-mediated neural induction conforms
with the operational definition of an immediate early
gene response in every regard except for one. In moni-
and do not differentiate into neurons even after 2 weeks toring PDGF-mediated neural induction, we did not ob-
in culture (Williams and Price, 1995). Following exposure serve synergism between PDGF and cycloheximide.
to PDGF, the total number of neuronal clones is in- This probably reflects the limited dynamic range of our
creased as well as the number of neurons per clone. bioassay. The developmental response cannot exceed
The PDGF-mediated increase in neuronal clones occurs 100%, which is roughly the level induced by either PDGF
at the expense of NE clones, and the total number of or cycloheximide alone (Figure 5). Parenthetically, it
clones in the cultures remains constant (Figure 2). should be noted that a PDGF-mediated immediate early
Why do some neurons appear in the absence of treat- gene response may benecessary for neuronal induction,
ment with exogenous PDGF? Cortical cultures do not but our data do not show that it is sufficient for neuronal
appear to secrete their own PDGF into the culture me- development or that it is the only PDGF-regulated func-
dium (Figure 8). Moreover, there is no evidence that tion that is important for neuronal development.
PDGF receptors are activated from within the cells by A core of transcription factors (notably the fos and
an autocrine-loop mechanism (Figure 4). One simple myc oncoproteins) are common components of the im-
explanation for the spontaneous development is that mediate early gene response in all tissues examined
some cells from the E14 rat cortex are precommitted to thus far (Kelly et al., 1983; Greenberg and Ziff, 1984;
differentiate into neurons via prior activation of their Cochran et al., 1984; Kruijer et al., 1984; Mudhar et al.,
PDGF receptors in vivo. As noted in Figure 2, even tran- 1993). However, subsets of immediate early genes are
sient activation of PDGF receptors initiates a program lineage specific. Thus, interleukins and interleukin re-
of neuronal differentiation in cortical NE cells. Other ceptors are unique components of the immediate early
workers have noted that PDGF ligands and PDGF recep- gene set in mitogen-treated lymphocytes. Chemokines
tors are expressed in the forebrain of E14 rat embryos and cytokines such as M-CSF 1, KC±gro, and MCP-1
(Reddy and Pleasure, 1992; Sasahara et al., 1992) and, are unique to the immediate early response in fibroblast
as shown in Figure 1, some of the PDGF receptors ap- cells (reviewed by Herschman, 1991). The observations
pear to be activated at this stage in development. about PDGF-mediated neuronal induction recorded
Can the phenotype of targeted gene disruptions be here are an incentive to clone and characterize immedi-
reconciled with a role for PDGF B and b receptor sub- ate early genes from PDGF-treated NE cells. By analogy
units inneurogenesis? Targeted disruptions of thePDGF to other tissues and cells that have been studied to
b receptor gene and the PDGF B gene lead to renal, date, some of these lineage-specific genes may encode
pulmonary, hematologic, and cardiovascular abnormali- neural-specific transcription factors that determine the
ties (Soriano, 1994; LeveÂ en et al., 1994; BostroÈ m et al., fate of NE cells or promote their differentiation (Akazawa
et al., 1992; Johnson et al., 1992; Sasai et al., 1992;1996). However, themutant mice do not showa neuronal
Neuron
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astrocytes were identified using anti-GFAP (from Sigma, St. Louis)Zimmerman et al., 1993; Olson and Klein, 1994; Turner
(Bignami et al., 1972). NE cells were identified as cells that stainedand Weintraub, 1994; Lee et al., 1995; Shimizu et al.,
with an anti-nestin antibody (Developmental Studies Hybridoma1995; Ma et al., 1996). Others may encode novel cytokine
Bank) (Hockfield and McKay, 1985) but not with antibodies that
receptors and ligands that alter cell±cell communication recognize differentiated cell types. Clones were determined using
in the developing neural network. rabbit anti-b-galactosidase serum, and neuronal clones are defined
as clones in which all lac Z±positive cells are also positive for TuJ1.
NE clones are defined as clones in which all lac Z±positive cells areExperimental Procedures
also positive for nestin and negative for all other markers. In some
experiments, total cells were scored rather than b gal±positivePhosphotyrosine-Directed Antibody to PDGF Receptors
clones. When scoring total cells, the percentage of TuJ1-positiveA synthetic tyrosine phosphopeptide (14-mer) corresponding to ty-
neurons was determined by counting five fields per coverslip underrosine 751 and its flanking amino acids was coupled to KLH and
a fluorescent microscope using a 1003 objective. For clonal andused to raise polyclonal antisera in rabbits. This antisera was purified
total cell analyses, the significance of the increase in neurons ob-by reverse affinity chromatography and affinity chromatography by
served was calculated using the Bonferroni±Dunn procedure.modifications of previously described methods (Epstein et al., 1992;
Segal et al., 1996). The purified antibody preparation (ªanti-pY751º)
recognizes the motif ªpY-X-X-Mº, which serves as the canonical Acknowledgments
recognition site for the SH2 linker protein p85 (Sonyang et al., 1993)
(data not shown). The p85 adaptor protein couples PIP3 kinase to We thank Tony Frankfurter at the University of Virginia for the gift
activated PDGF a and PDGF b subunits. Thus, anti-pY751 recog- of the TuJ1 antibody and Mark Noble at the Huntsman Cancer
nizes activation of either a or b PDGF receptor subunits. Institute, University of Utah Health Sciences Center, for the gift of
the antibody O4. Anti-nestin antibodies were developed by Susan
Hockfield and Ron McKay and were obtained from the Develop-Immunoblotting Analysis
mental Studies Hybrydoma Bank maintained by a contract fromTo monitor the activation state of PDGF receptor subunits in whole
NICHD. This research was supportedby grants from the NIH (T. M. R.E14 rat brain, PDGF receptor was immunoprecipitated from NP40
and C. D. S.) and the American Brain Tumor Association (JKP). Intissue lysates using a polyclonal antibody raised to a PDGF b recep-
compliance with Harvard Medical School guidelines on possibletor±specific peptide (UBI, Lake Placid, NY). As controls for specific-
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